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ABSTRACT

Title of Thesis:

The Evaluation of Polysulfone Composites as Structural Implants in
Orthopaedic Surgery

Howard L. Scalzo Jr., Master of Science, 1989
Thesis directed by: Dr. Mark C. Zimmerman, University of Medicine and Dentistry of
New Jersey
Dr. Clarence W. Mayott, HI, New Jersey Institute of Technology

Two polysulfone composites were evaluated to determine their use as structural
implants in orthopaedic surgery. The first composite, carbon fiber reinforced polysulfone
(C/PS), was evaluated for environmental degradation in an in vivo and in vitro study. The
C/PS composites were implanted subcutaneously in the abdomen of rabbits for the in vivo
study and immersed in saline solution at 32° C for the in vitro study. The second
composite, hydroxylapatite coated polysulfone (HA/PS), was evaluated for bone ingrowth
in an in vivo study, and for attachment strength between the HA and the PS in an in vitro
study. Also, two surface types were evaluated to determine which would yield optimal
bone attachment. The first surface was a roughened surface that was created by imbedding
HA particles in a PS rod. The second surface was a smooth surface where HA particles
were imbedded in the PS rod, however, the surface of the composite was machined
smooth. The implants were implanted transcortically in the femurs of rabbits for the in
vivo study. Twelve rabbits were used, 4 for each of three time periods, 4, 12, and 26
weeks. For the in vitro HA/PS study the implants were potted in polymethylmethacrylate.

All implants were tested on a servo-hydraulic Material Testing System (MTS) with the
C/PS implants tested in bending and evaluated for change in modulus of elasticity. The
attachment strength between bone and the HA/PS implants was determined via a push out
test. The results of the C/PS in vivo and in vitro studies showed no statistically significant
change in modulus of the composite due to environmental exposure. The results of the
HA/PS in vivo and in vitro studies showed a statistically significant increase in push out
force for the rough surfaced implant when compared to the smooth surfaced implant.
Histological analysis showed what appeared to be direct bone apposition on both the rough
and smooth HA/PS implants.
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I.) INTRODUCTION
A.) Material Replacement
1.) History
With modem advances in medicine and education, the life expectancy of Americans
is being continually increased. It is estimated that 37% of Americans will be age 65 or
older by the year 2030 as compared with 19% in 1985 (Kozinn). As the average age of the
population and activity level increases, subsequently the incidence of degenerative joint
disease increases. Degenerative joint disease can progress to a state that can leave its victim
disabled. A current treatment of this disease is to replace the afflicted joint with an artificial
joint. According to Kozinn, there are more than 150,000 total hip prostheses implanted
each year in the United States alone.
Because of the natural shape and function of the hip, hip prostheses are designed to
be ball and socket joints. Biomechanical analysis indicates that the maximum force on the
joint can be four times body weight (Huiskes). Therefore, a material is needed for hip
prostheses that can withstand high stresses. Because of this, the early models of total hips
used a metallic femoral component and acetabular cup (usually stainless steel). The greatest
problem of this design was the stabilization of the prosthesis in the bone. Sir John
Charnley developed and popularized the use of a self-curing acrylic cement
(polymethylmethacrylate) to stabilize the prosthesis in the bone (Charnley, 1959, Charnley,
1961). This cement acts more like a grout than a cement, but served and still serves, the
purpose for which it was originally developed. Another significant problem found in early
total hip prosthesis designs, was the problem of the metallic head and metallic socket
wearing on one another. This introduced wear particles into the body,which are potentially
toxic, and it also allowed the prosthesis to wear too quickly. According to Hench (1982),
Charnley used polymers for the acetabular cup to reduce the friction of the prosthesis and
eliminate the metallic wear particles. The first polymer used for the acetabular component
1
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was polytetrafluoroethylene (Teflon) because of its inertness and low coefficient of friction.
The Teflon had poor wear properties, however, and thus showed extensive wear. This
lead to the use of polyethylene (Hench). Although, total hip replacement is a very
successful procedure, there are a number of associated problems. These problems include
stress protection atrophy, implant loosening, corrosion, and bone implant attachment
(Harris, Lewis, Kusswetter). Stress protection atrophy occurs when the implant does not
transfer enough of the stress to the bone. If this continues, the bone can resorb, the
implant loosen and eventual failure of the implant can occur (Lewis). Corrosion of the
implant causes potentially toxic heavy metal ions to enter the body, and also may encourage
implant failure (Agins, Black). Finally, bone implant attachment is a problem because the
present method of using an acrylic bone cement has unfavorable side effects such as
necroses of local tissue and hypotension (Smith, Willert). These problems will be
discussed in detail as the present materials and problems are introduced.
2.)

Present Materials and Problems
As mentioned, the loads on the hip are quite large and therefore a material used for a

hip prosthesis must be able to withstand these loads. A logical material would be a
biocompatible metallic implant. Biocompatiblility refers to a material that has no ill effects
on the body. Originally stainless steel was used as an implant material. The stainless steel
currently used for implants is austenitic, 316L grade, which is the most corrosion resistant
of the stainless steels. Stainless does have limitations as an implant material though. It has
poor fatigue properties as well as poor corrosion resistance, relative to newer implant
materials. McKee pursued the use of a cobalt-chrome alloy total hip prosthesis (Hench).
The alloys used today contain molybdenum and the material is often abbreviated Co-CrMo. Cobalt-chrome has much better corrosion resistance than stainless steel and excellent
wear properties. However, cobalt-chrome has limitations as an implant material, one being
that, like stainless steel, its fatigue strength decreases when exposed to corrosive
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environments such as in the body. Another limitation that both stainless and cobalt-chrome
share is a high modulus of elasticity; both are very stiff. Stainless has a modulus of 200
gigapascals (GPa) and cobalt-chrome of 230 GPa as compared to bone which has a
modulus of 17 GPa ( table 1). The problem with stiff femoral stems is that they do not
transfer sufficient stress to the bone, particularly in the calcar region. Under Wolff s law,
bone remodels as a function of applied stresses. Stress protection atrophy occurs when the
implant does not transfer enough of the stress or "protects" the bone from the stress. The
bone, not being under a load, resorbs in region about the implant. If the bone resorbs
enough, the implant can loosen and eventual failure of the implant can occur. Many studies
have demonstrated bone resorption around total joint implants and the effect it has on
implant loosening (Lewis, Harris, Perren). Because of the modulus mismatch between
implant material and bone, lower modulus materials were sought after. Lower modulus
materials will transfer the load to the bone and lessen the amount of bone resorption.
Titanium alloy is less stiff than the other metals having a modulus of elasticity of
only 110 GPa. This material often consists of titanium, aluminum, and vanadium and is
sometimes abbreviated Ti-6A1-4V. Titanium alloy is sometimes used today for the femoral
component of the total hip prosthesis. In a study done on the effects of implant stiffness,
Lewis found that in a well bonded system, properly designed titanium-alloy stems with
functioning collars create higher calcar bone stresses (nearer their normal values) and lower
cement stresses than do equivalent cobalt-chromium-alloy stems (Lewis). However, the
clinical significance of this is unclear.
All metals discussed do share a common problem of ion dissolution and the
subsequent effects on the body. There can be two major problem areas. The first is that
local tissue structure may be effected (Ducheyne). Then pharmacological, toxicological, or
carcinogenic reactions may be triggered which could interfere with body functions
(Ducheyne, Rae).
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3.) Composites
The stiffness of a material can have a significant impact on the success of an
implant; therefore, a material that could be altered to obtain a desired stiffness would be
advantageous. Composite materials can be fabricated to have a modulus closer to that of
bone than do metals, including titanium. A composite material is a material that is made by
combining two or more separate materials on a macroscopic level. The advantage of a
composite material is that the composite takes on some properties of each of the original
materials. An example of how a composite material can be altered is as follows: If we
take a material A with a modulus of elasticity of 5 GPa and a material B with a modulus of
elasticity of 200 GPa and make a composite C from A and B, then C will have a modulus
somewhere between 5 and 200 GPa. If a composite is fabricated with a lower than desired
modulus, when fabricating the next composite, more material B should be used. In the
same manner if a composite is fabricated with a modulus higher than desired, when
fabricating the next composite, more material A should be used, A table of some materials
used for hip prostheses, bone and their moduli is shown in table 1.
A natural choice for the fibrous material of a composite is one that possesses good
strength and is also biocompatible. Carbon fiber has these properties, and has been used in
a number of medical applications. It has a good strength-to-weight ratio and has been
shown to be very biocompatible. Carbon fiber has excellent mechanical properties that can
be varied significantly by altering the carbonizing process. Carbon fiber is produced by the
carbonization of polyvinylacrylonitril (PAN). This is done by progressively heating the
fibers up to a temperature of 1500° C in an environment free of 02. Usually, an inert gas
such as nitrogen or argon is used in the carbonization furnaces (Gill). Fiber geometry is
controlled by PAN precursor geometry.
To create some composites, fibers are mixed with a polymer matrix material to form
a laminae and the laminae are fused together with the application of pressure and heat.

5
Material
Bone
Stainless Steel
Cobalt Chrome
Titanium
Polysulfone
Carbon Fiber
Carbon Fiber Reinforced
Polysulfone Composite

Modulus of Elasticity
(GPa)
17
200
230
110
2.5
220
35-130

Table 1
Moduli of Materials. Values of metals and
bone from Williams, the value of polysulfone from Union
Carbide, and the value of carbon fiber from Gill.
The main function of a matrix material is to support and protect the fiber. A logical choice
for this matrix material is polysulfone. Polysulfone is a thermoplastic (moldable by
heating), aromatic polymer that has a record of being used as a biomaterial for many
different applications (Savers). Polysulfone has been shown to be biocompatible
(Spector, 1984, "Biocompatiblity") and it has also been shown that polysulfone is not
carcinogenic in the rat (Spector, 1984, "Carcinogenicity"). It has a modulus that is much
closer to bone than that of orthopaedic metals, thus it may provide a more optimal
bone/implant interface. Polysulfone has good properties for medical use, such as the
ability to be steam sterilized and retain its physical integrity, It is used in such medical
devices as needleless injectors developed for diabetics, the artificial hearts, and trays to
hold sterilized instruments.
4.)

Hypothesis and Experiment Rationale
A new composite biomaterial with a lower modulus of elasticity may help prevent

loosening of an implant and eventually implant failure. Also, use of a composite material,
such as carbon fiber reinforced polysulfone, will not introduce metal ions into the body as
has been documented with metallic implants (Bruneel, Zabel). A key concern with any
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composite material is water absorption and the effects of environmental exposure on the
implant (Adams, Hahn). Thus the hypothesis for this research project is; in-vivo and in
vitro (a simulated physiological condition) environmental exposure will not produce
significant changes in a carbon polysulfone composite implant that will deter from its
application as an orthopae4ic implant material.
Experiments were designed to test this hypothesis. One experiment included the
mechanical characterization of implants before and after implantation. A second experiment
evaluated the same properties after a in vitro exposure in order to asses any differences the
in vivo and in vitro environments may have had on the composites.
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B.) Attachment Methods
1.) History
Any joint prosthesis must be attached to the bone above and below the joint. The
current means of attachment in the hip joint is the use of bone cement (PMMA). As
discussed previously, PMMA does not cement the prosthesis to the bone but rather acts like
a grout to stabilize the prosthesis in the bone.Sir John Charnley introduced the concept of
using bone cement in 1959 (Charnley, 1959), and since that time the use of PMMA has
been accepted as standard practice.
However, there are undesirable side effects of PMMA including: dangerous intraoperative hypotension (lowering of blood pressure) (Smith), loosening of the implant in the
PMMA bed, toxic effects of non-polymerized PMMA monomer (Huiskes), and the
necroses or destruction of tissue due to the generation of heat during polymerization
(Willert). In preparing PMMA for use as bone cement, two basic parts are mixed, a
powder PMMA and a liquid monomer. The chemical reaction is exothermic (releases heat
to the environment), and this heat (which according to Willert, can reach 72* Centigrade)
can destroy the cells of the bone adjacent to the cement.
Because of the shortcomings of PMMA, much research has been done on other
methods of attaching the hip prosthesis to the bone. One concept that has received much
attention is the concept of a porous coating on the surface of an implant (Williams, Haddad,
Engh, 1987). The surface of the implant receives a porous coating that bone can grow
into, and thus form a mechanical bond between bone and implant. There are a few types of
porous coatings and methods of applying them. In all cases, the implant is made, then the
porous coating is added afterwards. One common coating procedure is to take small beads
or interwoven wires of the material, titanium, for example, and attach these beads or wires
to the implant. Cook et al. created a porous coating by sintering particulate titanium on a
solid Ti-6A1-4V implant (Cook). Creating a porous coating by sintering beads or particles
to the surface is becoming more common. The most popular technique used is to place the
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beads in close approximation to the implant surface and then heat both surfaces to produce
diffusion bonds. These bonds are both between the individual coating layers and between
the coating and the implant surface (Black, 1988).
2.)

Problems
The main disadvantage of this technique is that the material properties are changed

at the point of the attachment. These attachment points are prone to corrosion (Ducheyne).
Also, there is a problem with the mechanical strength of the porous section. Crowninshield
has observed a decrease in fatigue strength for both the Co-Cr-Mo alloy and the Ti-6A1-4V
alloy when incorporated into porous implants. Finally, the increased surface area of the
porous coating to the environment provides for a greater area of metal ion release and
reduced fatigue properties for Titanium (Ducheyne).
3.)

Ceramics
Investigators have looked at the use of ceramic coatings on metallic hip prostheses

as an alternative to porous metal coatings. Specifically, the ceramic hyroxylapatite (HA),
has been investigated for this use. Hydroxylapatite is the natural mineral component of
bone and it considered to be osteoconductive. Osteoconductivity, refers to the property of
the material that encourages bone growth on all the surfaces of the material and does not
inhibit bone growth in any way (Black, 1988). . Many studies using plasma sprayed HA
as a porous coating on a metallic prosthesis showed that bone did grow into the HA coating
(Cook, 1986, DeGroot, 1987). However, the problem of the modulus mismatch between
bone and implant still remain with a ceramic porous coating on a metallic substrate.
As discussed previously, many researchers are investigating the use of composite
materials as orthopaedic implants. As with metal implants, implant attachment is a key
concern. Ceramic coatings have also been used for polymers (Boone) and the hypothesis
and rationale for examining an HA coated polysulfone specimen will be outlined in the next
section.
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4.)

Hypothesis and Experiment Rationale
A second hypothesis generated for this thesis is; HA coated polymers will bind

directly to bone, and different surface types will have different attachment strengths.
Experiments were outlined to test this hypothesis. These included an in vivo
implant study with mechanical testing of explanted specimens to determine an interfacial
shear strength between bone and implant. A second laboratory based experiment
investigated the strength of attachment of the HA coating to the substrate polysulfone. The
in vivo study consisted of implanting a polysulfone rod coated with two surface
configurations of HA into the femurs of rabbits. The implants were retrieved after specific
time periods (4, 12 or 26 weeks) and mechanically tested for bone attachment strength to
the specimen. Also, specimens were examined histologically to determine the amount of
bone attachment to the specimen. Finally, specimens that had not been implanted into
animals were tested mechanically to determine the bond strength of the HA on the
polysulfone.
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II.) MATERIALS AND METHODS
A.) Carbon/Polysulfone Composite
1.) Fabrication
Composite carbon polysulfone plates were fabricated to determine the effects of in
vivo implantation on the mechanical and physical properties of the material. The initial
stage in the fabrication of plates began with the production of laminae sheets. A slurry of
polysulfone (PS) was produced by dissolving PS in a container of methylene chloride.
When the PS was completely in solution, a layer of evenly spaced carbon fiber was pulled
through the slurry under tension and wrapped on a mandrel. The laminae were vented to
allow the solvent to evaporate, leaving a polysulfone coated carbon fiber lamina * . This
lamina was cut into "coupons" of a size determined by the mold. In this study, the mold
was 10 mm wide by 60 mm long, therefore the size of the coupons were 9 mm wide by 59
mm long. This allowed for placing the coupons in the mold easily and polymer flow
during molding. The way a coupon is cut determines the orientation of the fiber and thus
the mechanical properties of the lamina. Various angle plys can be placed on top of each
other to create different properties of the plate. The orientation chosen in this experiment
was uniaxial (0° with the long axis of the plate) due to the ease of fabrication and the
experimental design.
The molding process included spraying the mold with release agent t prior to
molding, placing the coupons in the mold sandwiched between coupons of pure polymer,
assembling the mold, heating under pressure, cooling and finally removing the composite
specimen. A standard of twelve C/PS laminae sheets sandwiched by two pure polysulfone
sheets on top and two sheets on bottom of the laminae was used. The pure PS was used to
give the composite a coating which protected the carbon fiber reinforcement. The mold

* Orthomatrix, Dublin, CA.
f Cil Release 1000, Synair, Chattanooga, TN.
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was heated using a Carver Laboratory press model C 0 , which consists of two
heating/cooling platens which are moved by a hydraulic pump. The pressure was kept at
approximately 1000 psi while molding and was measured with the use of the 0-5000 lb
gauge supplied with the press. The mold was heated to a temperature of at least 340° C at a
rate of approximately 3.5° C per minute. The temperature was measured using a Omega
model HEI-51 * hand held electronic thermometer. Foil wrapped blanket insulation was
used on the four open sides of the press to reduce heat loss to the environment. Cooling
was achieved by two simultaneous methods, which yielded a rate of approximately 10° C
per minute. The first method was to remove the insulation and direct a stream of
compressed air onto the mold. The second method was to circulate cold water through the
heating platens. After cooling, the mold was opened and the composite removed. At this
point, the flash PS was trimmed off with a razor, and the composite specimen wiped with a
towel.
a.)

Quality Control
The thickness, the only variable dimension, was measured and recorded along with

the weight. The thickness was measured using a vernier caliper. The mean value for
thickness of the plates was approximately 2.00 mm. The weight was measured using a
Mettler E200 t balance with divisions of 0.01 grams. The specimens were then placed in
a plastic zip-lock bag with the specimen number, weight and thickness labelled on the bag.
The fiber volume fraction was then calculated using an Apple IIE computer 0 . The fiber
volume fraction of a composite is the volume percentage of fiber in the composite. It can
be calculated by the following formula from Zimmerman (p. 63 ):

0 Fred S. Carver Inc., Menomonee Falls, Wis.
* Omega Engineering, Inc., Stamford, CT
t Mettler Instrument Corp., Hightstown, NJ
° Apple Computer Inc., Cupertino, Ca.
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m_pm*Vc
Vf=
(Pf-Pm)
where:

Vf= fiber volume fraction of the composite
M = weight of the plate
pf= density of fiber
pm= density of matrix
Vc= volume of composite

The mean value of fiber volume fraction was kept between 52 and 58%. Any plates with
volume fractions outside of this range were not used in the in vivo study.
2.)

In Vitro Experiment
An in vitro experiment was undertaken to determine the environmental effects on

the composite. A saline solution of approximately 0.9% sodium chloride was made and
put into a tank. A continuous flow heater, Fisher Scientific Isotemp Immersion Circulator
model 70 * , was used to heat and keep the solution at 37°C. Four specimens, for each of
four different time periods, were immersed in the tank. The time periods were 1 week, 4
weeks, 12 weeks, and 26 weeks. The weight and thickness of the plates were taken and
the plates were mechanically tested (non-destructive) prior to and immediately after
immersion. The thickness was measured using a vernier caliper. The mechanical testing
was done on an MTS servo-hydraulic material testing system t . The machine was set to
load control and was used with a stroke limit of 10 mm and a load limit of 1000 N. An
aluminum bending jig was used and set up for four point bending. A diagram of this
testing apparatus is shown in figure 1. The test procedure involved placing a specimen in
the jig, non-destructively testing the specimen to a load of 150 Newtons, and recording the
load versus displacement on a chart recorder. From this graph the maximum slope of the
curve was taken and used to determine the modulus of elasticity.
Fisher Scientific, Springfield, NJ
t MTS Systems Corp., Minneapolis, Minn.

13

Figure 1 Four point bending fixture used to test composite plate modulus of elasticity.
The following equation taken from Popov (p.580) was used:

a= p (3L-4a)
6E12

where:

a

= displacement of specimen
P = Load applied to specimen
a = distance from a support point to the nearest load point
L = distance between support points
E = Modulus of Elasticity (Young's Modulus)
I = Moment of Inertia of specimen

14

This equation can be reduced due to the arrangement of the support and load points. In this
case L = 3 a . Therefore the equation can be written:

3
a= 22
6E1

We can now rearrange to allow the determination of E.
3
E= 03a
6a1
A diagram which should help explain the symbols is shown below.

For the specimens used in this study, a=15 mm, L=45 mm, and I (the moment of
inertia)=1/(12bh3) where b=base and h=height (Popov). Note that a is taken at a load
point and is not the maximum deflection.
3.)

In Vivo Experiment
Specimens for the in vivo study were non-destructively tested and the

weight taken prior to implantation and immediately after retrieval. The specimens were also
tested to failure after all other mechanical tests were completed. The specimens were tested
in four point bending as mentioned previously. The specimens were 60 mm x 10 mm x .----2.
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mm in size, similar to those used for the in vitro experiment. Two specimens were
implanted into each animal. They were placed subcutaneously in the abdomen at least 5 cm
away from each another. For the surgical procedure please refer to the Surgical procedure
section C. A table of information of the in vivo experiment is shown in table 2.
4.)

Void Determination Experiment
The void volume of a composite is the amount of dead space or air that is trapped in

the composite during the molding process. A high percentage of voids in a composite can
negatively affect the properties of the composite. An experiment to determine the amount
of voids was conducted. First a small piece of a C/PS specimen was cut transversely from
the plate with a diamond saw. The sample size was approximately 10 mm x 2 mm x 5 mm.
This size was used in order to fit the sample into the opening of a 10 ml pycnometer. A
pycnometer is a glass bottle with a custom fit stopper, that accurately measures the volume
of a sample. The stopper has an opening that allows excess water to overflow out of the
vessel. After the excess water overflows, the pycnometer has a specific volume, in this
case 10 ml. The sample volume was determined by the following process. First the
pycnometer was filled with water and the mass measured (Mpw). Next the mass of the
sample was taken (Ms). Then the stopper was removed and the sample placed in the
pycnometer. The stopper was replaced and the volume of water the sample displaced was
forced from the pycnometer. The mass of the pycnometer, sample and water was then
taken (Mpws). The volume of the sample was then determined by using the following
equations:

Mwd=Mpw-(Mpws-Ms)
Vs=Vwd=(Mwd/pw)

16

where:
Mwd= Mass of water displaced
Mpw= Mass of pycnometer full of water
Mpws= Mass of pycnometer full of water with sample in
Ms=
Mass of sample
Vs=
Volume of sample
Vwd= Volume of water displaced
pw=
Density of water (ambient temperature)

TABLE 2 C/PS plate in vivo experiment
Animal

Term

04A

4 week

309

308

05A

4 week

311

312

06A

4 week

317

315

08A

4 week

329

327

09A

4 week

325

323

11A

26 week

333

332

13A

26 week

347

353

14A

26 week

355

350

15A

26 week

352

348

16A

12 week

356

359

17A

12 week

369

365

18A

12 week

361

358

20A

12 week

379

378

Plate #'s

With the volume of the sample known, the next step was to separate the fiber from the
polymer. This was done with an extraction process. The apparatus used consisted of a
ring stand, a heating mantle, an extraction column, and a condenser. The basic principle of
this procedure is that the solvent, in this case chloroform, is boiled and travels in a vapor
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state through the extraction column up to the condenser. The vapor is cooled by a constant
flow of external cool water, condensing the vapor back to liquid form. This liquid then
drips down onto the sample. The polymer in the sample is dissolved by the solvent and
forms a liquid state and passes through the thimble. The solvent/polymer liquid then drips
back into the flask containing the solvent. The heating mantle creates the heat to boil the
solvent again and vaporizes it and the cycle continues. However, the polymer does not
vaporize and therefore is left in the heating flask. The first step in the extraction process
was to weigh the specimen sample and the thimble. Then the apparatus was set up and the
heater turned on. The process continued without intervention for 4 hours. At this point the
thimble was removed and dried in an oven for 1 hour at 65° C and then weighed. The
weight of the dry thimble and fibers was determined to be a constant when after continuing
the extraction for 2 more hours, no further weight loss was verified. The amount of voids
was determined by using the following equations.

Mf = Mthf - Mth
Mp = Mc - Mf
Vf = Mf /

pf

VP = Mp / Pp
Vv=Vc-(Vf+Vp)
%V = Vv / VC
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where

Mf Mthf Mth Mp _
Mc _

pp _
Vv _
Vc _

Mass of fiber
Mass of thimble and fiber
Mass of thimble
Mass of polymer
Mass of composite
Volume of fibers
Density of fibers (1.78g/cm for carbon (Gill))
Volume of polymer
Density of polymer (1.24 g/cm3 for PS (Mathys))
Volume of voids
Volume of composite

%V -

% Voids in composite

Vf _
pf _
Vp -

B.) Attachment Hydroxylapatite/Polymer Interface
Two particulate coated implant types of hydroxylapatite/polysulfone composites
were used in this study. One was a rough surfaced and the other a smooth surfaced
implant. Both implant types were formed in the same mold. This mold was a three part
single cavity mold that was custom made of brass to mold a part 4 mm in diameter of
various lengths.
1.) Fabrication
a.)

Roughened Surface
The initial step in the fabrication of the rough surface composite was the cutting of a

60 mm length polysulfone rod. The rod was 3.3 mm in diameter and was supplied by
West Lakes Plastics *. The rod was cleaned by wiping it with a soft cloth dampened with
chloroform, which removed a surface layer of the PS rod. The mold was then prepared by
coating it with Synair Cil Release 1000 , silicon based release agent. The HA pellets were
then poured onto the mold and would stick due to the tacky release agent. The excess HA
was removed and a continuous HA layer remained. The cleaned rod was then placed into
West Lakes Plastics, West Lakes, PA
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the mold, the mold carefully assembled, and then placed in a Carver Laboratory Press
model C. The heating platens were used to heat the mold. Also, to keep the heat from
escaping to the environment, insulation blankets were wrapped around the press. The
purpose of heating the mold was to heat the PS rod above its glass transition temperature,
which softened the outer surface allowing the HA beads to penetrate the PS rod surface.
The glass transition temperature of polysulfone is 190° C (Savers). The mold temperature
was measured using an Omega model HH-51 hand held electronic thermometer. The probe
of the thermometer was inserted into a specially drilled thermometer hole, drilled to 1/8" of
the molding chamber. The mold was heated to 200° C, then the heating process halted.
The temperature of the mold would continue to rise due to the heat still contained in the
platens. When the mold reached 203° C, the insulation was taken off and the pressure was
set to 100 pounds on the gauge producing 1000 psi (the area of the plunger was 0.1 in2).
Finally, when the mold reached 205° C two cooling methods were used; house air blowing
directly on the mold and water flowing through the platens. The maximum temperatures
recorded usually fell between 205° C and 210° C. After the mold was cool enough to
handle, the mold was opened and the part taken out. The excess HA particles were
removed from the piece by gently rubbing the piece with a cloth.
i.)

Quality Control

The piece was weighed on a Mettler E200 balance and viewed under a Olympus model SZ
microscope at 40X power with the use of a Lumina-I model FO 150 t fiber optics power
source for illumination. If any area of the specimen was poorly coated or had any area
where the HA was not adhered to the PS, the specimen would not be used for either the in
vivo or interfacial shear testing studies. Also if the sample had a smooth surface caused by
the PS flowing around the HA, the sample would not be used. A zip lock bag was used to

t Chiu Technical Corp., Glen Cove, NY
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hold the individual specimens and the specimen number, weight and maximum temperature
were labelled on the bag with a permanent marker.
b.)

Smooth Surface
The smooth surface specimens were fabricated in the same manner as the

roughened surface. The single major difference was that the smooth surface specimens
were made by heating the mold up to the melt temperature of PS which is 340° C. The
mold was then cooled and the mold opened when cool enough to handle.
i.)

Quality Control
The specimen was weighed and examined under the microscope. For the smooth

surface specimen, if any surface irregularities were observed in any area, the piece would
not be used for the in vivo study. After quality assurance the specimen was mounted in the
chuck of a drill press and the surface was machined to expose the HA near the surface.
The drill press was used to spin the specimen and allow an even sanding rate. Sandpaper
was manually held against the specimen while it was spinning in the drill press. First a grit
of 240 was used followed by 300, 400 and 600. Wet sanding was used to help remove
sanded particles and keep a smooth surface. After a single cycle of this was performed the
specimen was reversed with the bottom end secured in the chuck. Then the process was
repeated. This seemed to help prevent tapering of the piece. At this point the piece was
removed from the drill press and viewed under the microscope. The specimen was
checked to insure that the HA pellets were exposed. If the pellets were not exposed, the
sanding process was repeated. When an acceptable specimen was obtained it was stored in
a zip lock plastic bag with specimen number, weight and maximum temperature labelled on
the bag.
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2.)

Interfacial Shear Testing
The purpose of the interfacial shear test was to determine the attachment strength of

HA to polysulfone. Two types of specimens were tested, roughened surface parts and
virgin PS rods. The parts were potted in polymethylmethacrylate (PMMA) and cured
under pressure to prevent air voids in the PMMA. The PMMA was mixed and poured into
plastic mold forms that contained one of the samples. Two mold forms, each with a
different sample type, were placed in a pressurized vessel simultaneously to cure under the
same conditions. This ensured that the parts were molded consistent with each other.
Once the mold forms were placed into the vessel, it was shut and immediately pressurized
with nitrogen. The vessel was pressurized to 90 psi and the PMMA allowed to cure for at
least 45 minutes. At this time the vessel was opened and the specimens removed. The
mold forms were pealed off and discarded. The specimens were then cut transversely on
the Buehler Isomet low speed diamond saw * . Mounting was critical due to the need for
the sections to be perpendicular to the length of the specimens for mechanical testing (push
out test). The specimen would sit on a flat fixture and if the section was not perpendicular,
there would be forces acting on the specimen that would increase the load, thus producing
erroneous results. Specimens of approximately 2 mm thickness were cut. After the first
specimen was cut, the specimen was viewed under the microscope to assure a
perpendicular section. A push out test was then performed on all specimens. This was
done on the MTS Material Testing System. The machine was placed in stroke control with
a stroke range of 10 mm and load range of 1000 N. A steel pin with a diameter of 3.2 mm
was used to push out the specimens, and a Houston Instruments t 2000 chart recorder and
Macintosh SE computer with data acquisition package were used to collect and record the
data. The maximum force was the important output in this test. This value was divided by
the area of the interface. The area was determined by the following equation:
Buehler Ltd., Lake Bluff, Ill.
t Houston Instruments, Austin, TX

22

A=(th*lt*dia)

where

A-Area of interface
th-thickness of cut sample
dia-diameter of specimen

Thus the interfacial shear stress was determined by dividing the force by the total area. The
stress for the roughened surface specimen was compared to the stress of the pure PS rod.
Also, the results of this experiment were compared to those of the in vivo experiment.
3.)

In Vivo Experiment
A set of specimens containing one roughened surface PS/HA implant and one

smooth surface PS/HA implant were surgically implanted in 9 rabbits (see surgical
procedure). The femurs of the animals with specimens intact were retrieved immediately
after sacrifice. They were cleaned and potted in PMMA. A plastic mold form was cut to
allow the femur to sit snugly in the mold. The femur was then adjusted in the mold to align
the specimen in such a way to allow a clean push out test. Only the proximal end of the
femur shaft was potted and the distal end containing the specimen was wrapped with
paraffin to protect it from drying out. The PMMA was then poured into the mold and
allowed to cure. When set the mold form was stripped off of the hardened piece and the
piece was mounted in a universal socket base mounting device. This device was placed on
the bottom mount of the MTS and the 3.2 mm pin was placed in the top mount. The
alignment was checked and the test begun. The important parameter of this test was also
the maximum force. After the test, the femurs were placed in 40% ethanol in a labelled
glass bottle. After testing, the femurs were cut to determine the area of cortical bone
around each specimen. When this was completed, the stress was calculated by dividing the
maximum force by the unit area. The area was determined by measuring the cortical bone
thickness at the implant site. This value was then used to calculate the area by using simple
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geometry (Area = n(dia)height). The equation used for interfacial shear testing also holds
true here.
C.) Surgical Procedure
1.)

Specimen Preparation
Both the HA/PS specimens and C/PS specimens were prepared for surgery in the

same manner. The specimens were placed in a small container filled with distilled water.
The container was then placed in an Branson B-220 ultrasonic cleaner and cleaned for at
least 1 hour. At this point the specimens were dried and placed into a double wrapped
sterilizing bag. The bags were sealed using Ethylene Oxide sensitive tape. The specimens
were then sterilized in Ethylene Oxide for 24 hours and outgassed for at least 24 hours
before implanting.
2.)

Anesthesia and Surgical Preparation
Anesthesia was induced in each rabbit by an intramuscular injection of Ketamine

hydrochloride (55 mg/kg) and an intravenous injection of Acepromozine maleate (1.2
mg/kg) through an ear vein. After about five minutes, the animals were prepared for
surgery. An additional intramuscular injection of Xylazine (5 mg/kg) was administered just
prior to the initiation of the procedure. A supplemental injection of either Xylazine or
Ketamine, both at one quarter the level indicated above, was then administered as needed to
maintain a surgical plane of anesthesia. The surgical sites and adjacent areas were then
shaved and the loose hair removed with a vacuum cleaner. Those areas were then gently
scrubbed for five minutes with a povidone-iodine surgical scrub, wiped dry with sterile
gauze, painted with a povidone-iodine solution, and aseptically draped. Using sterile
technique, the skin over each distal femur was incised on both the lateral and medial
aspects. These incisions were approximately ten mm in length and placed at the level of the
metadiaphyseal border. The fascia and other soft tissues were bluntly dissected to reveal
the bone surface. A nitrogen powered drill with twist bits were used to create transcortical
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defects. First, a small (1.2 mm) pilot hole was made which was then concentrically
enlarged with larger twist bits to a final diameter of 4.0 mm. Care was taken to keep the
defects centered and perpendicular to the long axis of the femur. As a convention the rough
HA surfaced implants were placed in the left femur in all instances and the smooth HA
surfaced implants were placed in the contralateral femur. All of these implants were
implanted in a medio-lateral direction. These wounds were then closed in multiple layers
with nylon suture. The carbon fiber reinforced polysulfone composites were then placed
subcutaneously in the abdomen. This was accomplished by making small stab wounds on
either side of the caudal abdominal midline and then bluntly dissecting the subcutaneous
tissues to form a pocket that would accommodate the 60 mm X 10 mm X 2 mm composite
plates. Again, the wounds were closed in multiple layers with a nylon suture. All wounds
were dressed with a plastic spray sealant on completion of the operation. For postoperative analgesia, animals were given a sub-cutaneous injection of Meperidine
hydrochloride (10 mg/kg) at a point when they were deemed sufficiently recovered from
the anesthesia. This same dose was repeated two times daily through the third postoperative day. Also, animals were given PO Codeine as a supplement to their drinking
water for the first five post-operative days. These required switching the rabbits from the
normal automated drinking system to one with bottles which were prepared to contain
Codeine at a concentration of 0.1 mg/ml.
a.) Labelling
Certain fluorescent dyes are incorporated into new bone growth and active
osteoblastic regions will fluoresce when exposed to UV light. This technique is a means to
observe bone activity at the implant/tissue interface and validate bone growth or resorption.
The two drugs chosen for labeling in this study were oxytetracyclene (Liquamycine 100 * )

* Pfizer Inc., NY, NY
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and 2,4-bis[N,N1-Dicarboxymethyl-Aminomethyl] Fluorescein (DCAF)t. Oxytetracyclene
was given at the dosage of 50 mg/kg while the DCAF was given at a dosage of 20 mg/kg.
Both agents were administered intraveneously and according to the following schedule.
Labelling schedule
Term of Animal

Tet label

DCAF label

4 week

4 weeks

Not Used

12 week

8 weeks

12 weeks

26 week

16 weeks

26 weeks

Using this schedule allowed the visualization of bone growth at time periods of 4, 8, 11,
16 and 25 weeks, maximizing the amount of information that could be obtained from this
data.
3.)

Microscopic Analysis

a.)

Histology - Specimen preparation
There were four animals per time period, as stated previously. Three animals per

time period were used for the mechanical push out test and one animal per time period was
used for histology. The histology specimens were sectioned on a Buehler Isomet low
speed diamond saw with a 12.7 cm x 0.4 mm Arbor Diamond wafering blade using 40%
ethanol (EtOH) as a lubricant. The femurs were cut into four sections. The first cut was in
the sagittal plane, that is made perpendicular to the specimen and parallel to the length of the
bone. Then the medial and lateral sections were cut in the transverse plane. These pieces
were then put into a labelled bottle of 40% EtOH. The specimens were then dehydrated by
immersing the tissue in a series of ethanol solutions. The volume of solution was at least
10 times the sample volume. The following schedule was used.

t ICN, Biochemicals, Cleveland, OH
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Solution

Time Period

40 % EtOH

8 Hours

70 % EtOH

16 Hours

80 % EtOH

8 Hours

80 % EtOH

16 Hours

95 % EtOH

8 Hours

95 % EtOH

16 Hours

100 % EtOH

8 Hours

100 % EtOH

16 Hours

Following dehydration the specimens were imbedded in clear Polymethylmathacrylate by
the following process. Immediately following dehydration the specimens were immersed
in Hemo-De *, a histological clearing agent which consists of Limonene based solvent
derived from citrus. The specimens were immersed in Hemo-De for 2, four hour intervals.
Then the specimens were infiltrated in Methylmethacrylate (MMA) solutions of increasing
benzoyl peroxide (catalyst) solution for three days. The MMA used is inhibited by
hydroquinone. This prevents premature polymerization and bubbles in the MMA. There
were three concentrations of MMA used, hPMMA I, hPMMA II and hPMMA III. The
hPMMA I consists of Methylmethacrylate with no benzoyl peroxide. The hPMMA II
consists of 1 gram of dried benzoyl peroxide per 100 ml of Methylmethacrylate monomer.
The hPMMA III consists of 2.5 grams of dried benzoyl peroxide per 100 ml of
Methylmethacrylate monomer. The specimens were placed in glass bottles and put in a
water bath at 35° C until polymerization occurred, approximately 2-3 days later. The
blocks were then put into the freezer for a minimum of one hour, then the bottle cracked
and the imbedded specimen removed. The blocks were cut into thin sections approximately
* Fisher Scientific, Springfield, NJ
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1 mm thick on the diamond saw using 100% EtOH as lubricant. The thin sections were
then rinsed with 100% EtOH and glued cut side down to a plexiglas slide ® * using
cyanoacrylate. The slide was then clamped between two thicker slides to stabilize the piece
until the cyanoacrylate dried for at least one hour. The slides were then milled using the
Reichert-Jung Ultramiller t to approximately 60 gm. These thin sections were viewed
through an Olympus Light Microscope at various powers ranging from 4X to 62.5X.
Microphotographs were taken of representative sections using three different lighting
methods. These were incandescent illumination only, ultraviolet illumination with
incandescent back lighting, and blue light illumination with incandescent back lighting.
The incandescent illumination only allowed viewing of the section without visualizing any
labelled bone. The UV with back lighting allowed viewing of the tetracycline label. This
label appeared yellow under UV illumination. The blue light with back lighting allowed
viewing of both labels, with tetracycline appearing yellow and DCAF appearing green.
b.)

Scanning Electron Microscopy
There were two types of HA/PS composites used in scanning electron microscopy

(SEM) evaluation. The first type evaluated was the interfacial shear test specimens. The
individual specimens were separated into the individual components, the HA/PS rod and
PMMA. These were mounted individually on stubs with cyanoacrylate. The stubs were
then covered with Ted Pella, Inc., cat. #16034, colloidal silver liquid paint. The paint was
applied up to the lower edge of the specimen to insure conductivity from the stub to the
specimen. After the paint dried the specimens were sputter coated with gold using a
Denton Vacuum DV 502 evaporator with a DSM 5 sputter coater module O. The parts
were then scanned with an AMRAY 1200B § SEM at various magnifications from 60 X to

* Rohm & Haas, Inc., Canada
I' Reichert Scientific Instruments, Buffalo, NY
0 Denton Vacuum, Inc., Cherry Hill, NJ
§
Amray Inc., Bedford, Mass.
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1000 X. The specimens were scanned to evaluate surface characteristics and the extent of
polymer attachment to the HA particles.
The second type of sample was the in vivo specimens. After these samples were
mechanically tested with a push out test, the samples were fixed with gluteraldehyde in
10% normal buffered formalin. The specimens were then dehydrated and prepared for
critical point drying. Critical point drying first replaces the alcohol in a sample with liquid
CO2 and then replaces the liquid CO2 with CO2 gas. The specimens were placed in small
mesh baskets and covered with ethanol. The baskets were placed in a Denton DCP-1
critical point dryer and the unit sealed. The unit is then flushed with liquid CO2 until the
ethanol is removed, approximately 5 minutes. Then the specimens were left immersed in
the liquid CO2 for approximately 20 minutes. The unit was flushed again and the
temperature was raised to 32° F. This is the critical point at which any water left in the
sample goes directly from the solid to the vapor phase and is vented. At this point the
specimens were mounted on stubs prepared for the SEM and viewed in the same manner as
the in vitro specimens.
D.)

Statistical Methods
At the time of testing, data was collected for use in statistical analysis. This was done

using a Macintosh SE computer with commercially available statistical software. The data
was analyzed for statistical significance using Student's t-test paired or unpaired. A level
of significance of p<0.05 was used for all statistical evaluations. That is, the null
hypothesis was rejected and significant differences assumed at a level of p<0.05.
1.)

C/PS Composite

a.)

Moisture Absorbtion
The statistical analysis of the in vitro data included calculating the mean and

standard deviation for the pre-immersion weight for the 4 week time period. The mean 4
week time period post-immersion weight was then calculated along with its standard
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deviation. A paired t-test was then used to determine statistical significance between the
two groups. In a similar manner the 12 and 26 week time periods data were analyzed.
The in vivo study data was analyzed using the same procedure used to analyze the
in vitro data.
b.)

Mechanical Properties
The statistical analysis of the in vitro data included calculating the mean and

standard deviation for the pre-immersion modulus for the 4 week time period. The mean 4
week time period post-immersion modulus was then calculated along with its standard
deviation. A paired t-test was then used to determine statistical significance between the
two groups. In a similar manner the 12 and 26 week time periods data were analyzed.
The in vivo study data was analyzed using the same procedure used to analyze the
in vitro data.
2.)

HA/PS Composite
The in vitro study data was analyzed by calculating a mean push out force and

standard deviation for the smooth surfaced pure polymer control specimen. The mean push
out force and standard deviation of the rough surface HA coated specimen was also
calculated. A paired t-test was used to determine the statistical significance between the
smooth pure polymer control data and the rough surfaced HA coated specimen data. A
paired t-test was used because the rough and smooth specimens were potted and cured in
sets. This involved potting a set of samples from the same batch of PMMA and curing
them at the same time under identical conditions. The same procedure was used for the
shear stress data after the area was determined and the shear stress calculated.
The in vivo study data was analyzed by calculating the mean push out force and
standard deviation of the rough surfaced HA coated implant for the 4 week time period.
The mean push out force and standard deviation of the smooth HA/PS implant of the same
time period was calculated. A paired t-test was then used to determine statistical
significance between the rough and smooth surfaced implants. The same procedure was
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used for the other time periods. After this, statistical significance was tested for between
the rough implant data for the 4 week time period and the rough implant data for the 12
week time period using an unpaired t-test. This was also done between the rough implant
data of 4 and 26 weeks, and 12 and 26 weeks. The same procedure was used for the
smooth implants. Because the findings of the previous tests indicated no time dependance,
the rough implant data of all time periods was grouped together and the smooth implant
data of all time periods was grouped together. A paired t-test of all rough implant data vs.
all smooth implant data was used to determine statistical significance.
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III.) RESULTS
A.) Carbon/Polysulfone Composite
1.)

In Vitro Experiment

a.)

Moisture Absorption Results
The purpose of this study was to the determine the amount of moisture absorbed

(weight gained) by carbon polysulfone composite materials after in vitro environmental
exposure. A summary of the results of this experiment are presented in table 3. The
average increase in weight for all time periods was 0.015 ± 0.015 grams (g), and that
represented a 0.78% increase in mean weight.
TABLE 3
Summary of In Vitro Moisture Absorption Study
Time
Period
(Weeks)

PreImmersion
Weight
(g)

PostImmersion
Weight
(g)

Change
in Weight
(g)

4

Mean
St Dev

1.940
0.096

1.948
0.092

0.008
0.010

12

Mean
St Dev

1.914
0.102

1.938
0.093

0.024
0.017

26

Mean
St Dev

1.930
0.094

1.948
0.078

0.018
0.017

Tables 4 through 6 show the weight gain of the carbon plates at the individual time
periods. The time periods chosen were identical to the time periods in the in vivo study.
Specimens of the 4 week time period were tested at four weeks only. Specimens of the 12
week time period were tested at 4 and 12 weeks. Specimens of the 26 week time period
were tested at 4, 12, and 26 weeks. This testing procedure provided a maximum amount
of data from this study. The mean pre-immersion weight value for the 4 week time period
was 1.940 ± 0.096 g and the mean post-immersion weight value was 1.948 ± 0.092 g.
There was a statistically significant (p<0.05) difference between the pre and postimmersion weights using a paired t-test. For the 12 week time period the mean pre-
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immersion weight value was 1.914 ± 0.102 g and the mean post-immersion value was
1.938 ± 0.093 g. There was also a statistically significant difference between the pre and
post-immersion weights at p<0.05 using a paired t-test. The mean pre-immersion weight
value was 1.930 ± 0.094 g and the post-immersion weight value was 1.948 ± 0.078 g for
the 26 week time period. Again, there was a statistically significant difference between pre
and post-immersion weights at p<0.05 using a paired t-test. The respective values for
mean weight gained for the 4, 12, and 26 week time periods were 0.008 g, 0.024 g, and
0.018 g.
TABLE 4
4 week In Vitro Moisture Absorption Study
Plate
Number

PreImmersion
Weight
(g)

PostImmersion
Weight
(g)

Change
in Weight
(g)

383
385
386
388

2.04
1.94
1.94
2.05

2.04
1.94
1.95
2.05

0.00
0.00
0.01
0.00

398
405
409
411

1.72
1.97
1.98
1.92

1.73
2.00
1.98
1.92

0.01
0.03
0.00
0.00

412
413
414
415

2.00
2.01
1.81
1.90

2.00
2.02
1.83
1.92

0.00
0.01
0.02
0.02

Mean
St Dev

1.940
0.096

1.948
0.092

0.008
0.010

33

TABLE 5
12 week In Vitro Moisture Absorption Study
Plate
Number

PreImmersion
Weight
(g)

PostImmersion
Weight

(g)

(g)

398
405
409
411

1.72
1.97
1.98
1.92

1.77
2.00
2.00
1.92

0.05
0.03
0.02
0.00

412
413
414
415

2.00
2.01
1.81
1.90

2.00
2.04
1.84
1.93

0.00
0.03
0.03
0.03

Mean

1.914
0.102

1.938
0.093

0.024
0.017

St Dev

Change
in Weight

TABLE 6
26 week In Vitro Moisture Absorption Study
Plate
Number

PreImmersion
Weight

PostImmersion
Weight

Change
in Weight

(g)

(g)

(g)

412
413
414
415

2.00
2.01
1.81
1.90

2.00
2.02
1.85
1.92

0.00
0.01
0.04
0.02

Mean
Std. Dev

1.930
0.094

1.948
0.078

0.018
0.017

Figure 2 shows a graphical comparison of the mean moisture absorption of the 4, 12, and
26 week time periods for the in vitro study.
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b.)

Mechanical Properties Results
The mechanical properties of the composite specimens were evaluated after in vitro

exposure. Table 7 shows a summary of the moduli of elasticity of the composites for all
time periods tested in bending. A non-destructive 4 point bending test was used for all
testing. The mean pre-immersion modulus value was 95.95 ± 8.73 GPa and the mean
post-immersion value was 100.60 ± 10.18 GPa. The mean change in modulus was 4.65 ±
5.87 GPa.
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TABLE 7
Summary of In Vitro Mechanical Test Stud
Time
Period
(weeks)

PreImmersion
Modulus
(GPa)

PostImmersion
Modulus
(GPa)

Change
in Modulus
in Modulus
(GPa)

1

Mean
St Dev

109.03
16.16

113.58
16.55

4.55

4

Mean
St Dev

92.51
9.11

92.08
5.23

- 0.43

12

Mean
St Dev

91.42
11.12

92.85
5.59

1.43

26

Mean
St Dev

90.88
11.58

103.83
10.23

12.95

Tables 8 through 11 show the moduli of elasticity for the individual specimens at
each time period. The mean pre-immersion modulus was 109.03 ± 16.16 GPa and the
mean post-immersion modulus was 113.58 ± 16.55 GPa for the 1 week test period. For
the 4 week test period the mean pre-immersion modulus was 92.51 ± 9.11 GPa and the
mean post-immersion modulus value was 92.08 ± 5.23 GPa. The 12 week time period
showed a mean pre-immersion modulus of 91.42 ± 11.12 GPa and a mean post-immersion
modulus value of 92.85 ± 5.59 GPa. Finally, the 26 week time period showed a mean
pre-immersion modulus of 90.88 ± 11.58 GPa and a mean post-immersion modulus of
103.83 ± 10.23 GPa. There was no statistically significant difference (p?_0.05) between
pre and post-immersion modulus for any time period using a paired t-test. The mean
change in modulus was 4.55 GPa for the 1 week time period, -0.43 GPa for the 4 week
time period, 1.43 GPa for the 12 week time period and 12.95 GPa for the 26 week time
period.

36
TABLE 8
1 week In Vitro Mechanical Test
Plate
Number

Pre-Immer
Modulus
(GPa)

Post-Immer
Modulus
(GPa)

Change
in Modul
(GPa)

377
394
401
407

119.3
102.7
124.8
89.3

125.0
102.8
130.2
96.3

5.7
0.1
5.4
7.0

Mean
St Dev

109.03
16.16

113.58
16.55

4.55
3.05

TABLE 9
4 week In Vitro Mechanical Test
Plate
Number

Pre-Immer
Modulus
(GPa)

Post-Immer
Modulus
(GPa)

Change
in Modul
(GPa)

383
385
386
388

92.8
94.1
98.4
93.5

95.7
85.9
92.4
86.1

2.9
8.2
6.0
7.4

398
405
409
411

106.6
86.4
96.8
78.1

101.6
92.3
92.2
91.1

5.0
5.9
- 4.6
13.0

412
413
414
415

79.2
83.4
104.1
96.8

89.7
85.0
100.2
92.8

10.5
1.6
3.9
4.0

Mean
Std Dev

92.51
9.11

92.08
5.23

-

0.43
7.12

Figure 3 shows a graphical comparison of the mean pre and post-immersion modulus for
the 1, 4, 12, and 26 week time periods.
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Figure 3 In Vitro Mean Pre and Post-Immersion Modulus Comparison

TABLE 10
12 week In Vitro Mechanical Test
Plate
Number
Modulus

Pre-Immer
Modulus

Post-Immer
Modulus

Change
in

(GPa)

(GPa)

(GPa)

398
405
409
411

106.6
86.4
96.8
78.1

96.1
93.1
94.4
87.9

- 10.5
6.7
- 2.4
9.8

412
413
414
415

79.2
83.4
104.1
96.8

84.9
87.8
101.5
97.1

5.7
4.4
2.6
0.3

Mean
St Dev

91.42
11.12

92.85
5.59

-

1.43
6.54
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TABLE 11
In Vitro Mechanical Test-26 week
Plate
Number

Pre-Immer
Modulus
(GPa)

Post-Immer
Modulus
(GPa)

Change
in Modul
(GPa)

412
413
414
415

79.2
83.4
104.1
96.8

101.3
90.5
113.2
110.3

22.1
7.1
9.1
13.5

103.83
10.23

12.95
6.66

Mean
Std Dev

90.88
11.58

2.)

In Vivo Experiment

a.)

Moisture Absorption Results
The time periods for the in vivo moisture absorption study were identical to the time

periods chosen for the in vitro study. Table 12 is a summary of the experimental values
attained for the in vivo moisture absorption study. The mean pre-implantation weight for
all the specimens tested was 1.917 ± 0.322 g and the post-implantation weight was 1.935
± 0.319 g. The mean weight gain was 0.018 g which is a mean gain of 0.94 %.
TABLE 12
In Vivo Moisture Absorption Study Summary
Term

Pre-Implant
Mass
(g)

(Weeks)

Post-Implant
Mass
(g)

Change
in Mass
(g)

4

Mean
St Dev

2.119
0.435

2.133
0.437

0.014
0.005

12

Mean
St Dev

1.890
0.258

1.910
0.251

0.020
0.019

26

Mean
St Dev

1.742
0.037

1.762
0.036

0.020
0.011

The weight gained for each individual time period is shown in tables 13 through 15.
The mean pre-implantation weight for the 4 week time period was 2.119 ± 0.435 g and the
mean post-implantation weight was 2.133 ± 0.437 g. For the 12 week time period the
mean pre-implantation weight was 1.890 ± 0.259 g and the mean post-implantation was
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1.910 ± 0.251 g. The mean pre-implantation weight was 1.742 ± 0.037 g and the postimplantation weight was 1.762 ± 0.036 g for the 26 week time period. There was a
statistically significant difference between pre and post-implantation weight at each time
period using a paired t-test. The mean weight gained for the 4 week time period was 0.014
g (0.66%), 0.020 g (1.06%) for the 12 week period and 0.020 g (1.15%) for the 26 week
time period. Figure 4 shows a graph comparing moisture absorption results of the 4, 12,
and 26 week time periods of the in vivo study.

* Moisture absorption of pure polysulfone, (Adams)
+ Statistically significant weight gain (p<0.05)

Figure 4 In Vivo Moisture Absorption Comparison
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TABLE 13
Moisture Absorption In Vivo-4 week
Animal
Number

Plate
Number

Pre-Impl
Weight
(g)

Post-Impl
Weight
(g)

Change
in Weight
(g)

05A
05A
06A
06A
08A
08A
09A
09A

311
312
315
317
327
329
323
325

2.72
2.75
2.22
2.25
1.78
1.74
1.72
1.77

2.73
2.77
2.24
2.26
1.80
1.75
1.73
1.78

0.01
0.02
0.02
0.01
0.02
0.01
0.01
0.01

2.119
0.435

2.133
0.437

0.014
0.005

Mean
Std Dev

TABLE 14
Moisture Absorption In Vivo-12 week
Animal Plate Pre-Impl Post-Impl Change
Number
Number
Weight
in Weight
Weight
(g)
(g)
(g)

16A
16A
17A
17A
18A
18A
(20A)
(20A)

356
359
369
365
361
358
378
379

1.70
1.65
2.28
2.13
1.68
1.65
2.14
1.89

0-Animal did not reach full term
Mean
1.890
St Dev
0.259

1.71
1.65
2.28
2.14
1.72
1.70
2.16
1.92

0.01
0.00
0.00
0.01
0.04
0.05
0.02
0.03

1.910
0.251

0.020
0.019

TABLE 15
Moisture Absorption In Vivo-26 week
Animal
Number

Plate
Number

11A
11A
13A
13A
14A
14A
15A
15A

Pre-Impl
Weight
(g)

332
333
347
353
350
355
348
352

1.73
1.78
1.80
1.74
1.72
1.73
1.76
1.68

1.74
1.79
1.83
1.76
1.73
1.75
1.78
1.72

0.01
0.01
0.03
0.02
0.01
0.02
0.02
0.04

1.742
0.037

1.762
0.036

0.020
0.107

Mean
Std Dev

Post-Impl
Weight
(g)

Change
in Weight
(g)
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b.)

Mechanical Properties Results
Table 16 shows a summary of the properties (moduli of elasticity) attained by non-

destructive 4 point bending of the composites for all time periods of the in vivo study. The
mean pre-implantation modulus was 75.98 ± 11.52 GPa and the mean post-implantation
modulus was 83.18 ± 14.88 GPa. The mean change in modulus for all time periods was
7.20 ± 8.00 GPa.
TABLE 16
Summary of In Vivo Mechanical Test
Term
(weeks)

Pre-Impl
Modulus
(GPa)

Post-Impl
Modulus
(GPa)

Change
in Modul
(GPa)

4

Mean
St Dev

65.39
12.60

69.38
11.46

3.99

12

Mean
St Dev

79.23
7.50

89.39
15.86

10.16

26

Mean
St Dev

83.33
4.37

90.78
4.14

7.45

Tables 17 through 19 show the moduli for the individual time periods. The mean
pre-implantation modulus was 65.39 ± 12.60 GPa and the mean post-implantation
modulus was 69.38 ± 11.46 GPa for the 4 week time period. For the 12 week test period,
the mean pre-implantation modulus was 79.23 ± 7.50 GPa and the mean post-implantation
modulus was 89.39 ± 15.86 GPa. Finally, the 26 week time period showed a mean preimmersion modulus of 83.33 ± 4.37 GPa and a mean post-immersion modulus of 90.78 ±
4.14 GPa The mean change in modulus was 3.99 ± 4.27 GPa for the 4 week time period,
10.16 ± 11.00 GPa for 12 weeks and 7.45 ± 7.02 GPa for 26 weeks. Using a paired ttest, there was no statistically significant (p0.05) difference found between the pre and
post implantation modulus for any time period. Figure 5 shows a graphical comparison of
the mean pre and post-implantation modulus for the 4, 12, and 26 week time periods.
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TABLE 17
In Vivo Mechanical Test-4 week
Animal
Number

Plate
Number

Pre-Impl
Modulus
(g)

Post-Impl
Modulus
(g)

Change
in Modul
(g)

05A
05A
06A
06A
08A
08A
09A
09A

311
312
315
317
327
329
323
325

52.6
47.8
58.7
60.6
77.9
83.9
73.3
68.3

54.4
57.8
62.8
62.3
75.9
86.1
76.9
78.8

1.8
10.0
4.1
1.7
- 2.0
2.2
3.6
10.5

65.39
12.60

69.38
11.46

Mean
St Dev

3.99
4.27

TABLE 18
In Vivo Mechanical Test-12 week
Animal
Number

Plate
Number

16A
16A
17A
17A
18A
18A
20A
20A

356
359
369
365
361
358
378
379
Mean
St Dev

Pre-Impl
Modulus
(g)

Post-Impl
Modulus

81.1
86.6
74.5
67.2
80.6
78.5
74.2
91.1

81.8
94.7
69.9
67.3
108.2
95.0
88.3
109.9

79.23
7.50

(g)

89.39
15.86

Change
in Modul
(g)

0.7
8.1
4.6
0.1
27.6
16.5
14.1
18.8
10.16
11.00
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TABLE 19
In Vivo Mechanical Test-26 week
Animal
Number

11A
11A
13A
13A
14A
14A
15A
15A

Plate
Number

Pre-Impl
Modulus

Post-Impl
Modulus

Change
in Modul

(g)

(g)

(g)

332
333
347
353
350
355
348
352

77.0
80.5
79.7
89.5
81.9
87.4
83.3
87.3

88.8
92.0
92.7
84.1
90.4
91.7
98.4
88.1

11.8
11.5
13.0
- 5.4
8.5
4.3
15.1
0.8

Mean
St Dev

83.33
4.37

90.78
4.14

7.45
7.02

Figure 5 In Vivo Mean Pre and Post-Implantation Modulus Comparison
3.)

Void Determination Experiment
The purpose of this experiment was to determine the percentage of voids or dead

space in the carbon polysulfone composite plates. Specimens were fabricated similarly to
those for the in vitro and in vivo studies. The results of the void experiment are shown in
Table 20. The mean value of voids was 4.412 ± 1.946 %.
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TABLE 20
Void Percentage Data
Plate Number

%Voids

392
390
371
411
414

7.38
4.58
4.33
1.98
3.79

Mean
St Dev

4.412
1.946

B.) Hydroxylapatite/Polymer Attachment
1.)

In Vitro Experiment

a.)

Interfacial Shear Strength Experiment
The purpose of this experiment was to determine the attachment strength of HA to

polysulfone. Smooth polysulfone polymeric specimens served as a control, and HA/PS
specimens as the test implants. Both were potted in polymethylmethacrylate and tested as
described in section B2 of the Materials and Methods section. The results of the PS and
PMMA shear strength test are shown in table 21. The test specimens were sectioned, the
thicknesses measured, and circumferential area calculated. The mean shear stress was
19.43 ± 6.85 MPa. The results of the HA/PS and PMMA shear strength test are shown in
table 22, and the mean shear stress was 31.58 ± 2.97 MPa. There was a statistically
significant (p<0.05) difference between the smooth PS control specimen and HA/PS rough
surface specimens push out shear strength using a paired t-test. After the specimens were
sectioned, the specimens were scanned with SEM to evaluate surface morphology after
shear testing. A SEM showing the sheared surface of a specimen can be seen in figure 6.
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TABLE 21
Interfacial Shear Strength of PS and PMMA
Specimen
Number

Specimen
Thickness
(mm)

Pushout
Force
(N)

Shear
Stress
(MPa)

c2b
c2c
c2d
c2e
clb
cic
cid
cle
clf
cig
20c2
20c3
20c4
20c5
20c6

3.65
3.65
3.55
3.55
3.55
3.80
3.55
4.10
2.70
3.50
2.75
2.80
2.75
2.95
2.90

900
1000
1035
1215
643
725
730
850
515
715
388
350
375
175
650

23.80
26.44
28.14
33.03
17.47
18.41
19.85
20.01
18.41
19.71
13.60
12.06
13.16
5.72
21.63
19.43
6.85

Mean
St Dev

TABLE 22
Interfacial Shear Strength of HA/PS and PMMA
Specimen
Number

Specimen
Thickness
(mm)

Pushout
Force
(N)

Shear
Stress
(MPa)

416a
416b
416c
416d
416e
380a
380b
380c
380d
20-1
20-2
20-3
20-4
20-5
20-6
20-7
20-8

3.50
3.50
3.50
3.50
4.60
3.60
4.55
5.00
3.85
2.75
2.75
2.90
2.80
2.75
2.75
2.75
2.75

1113
1150
1138
1125
1725
1225
1700
1963
1375
788
813
900
900
825
863
850
813

30.68
31.70
31.36
31.02
36.19
32.84
36.06
37.88
34.47
27.64
28.51
29.95
31.02
28.95
30.27
29.83
28.51

Mean
St Dev

31.58
2.97
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b.)

SEM of Failed Surface

Figure 6 SEM of the in vitro shear test specimen taken at 80X. A mixed mode of failure
was observed with some HA pellets remaining on the PS surface. Divots were present in
the PS where the HA pellets attached to PMMA were sheared from the surface after testing.
2.)

In Vivo Experiment

a.)

Interfacial Shear Strength Experiment
The purpose of this experiment was to determine the attachment strength of the two

implant types ( a smooth surfaced and an HA coated surface (rough surfaced)), to bone.
The smooth surfaced implants served as the controls and the HA coated implants as the test
specimens. A summary of the results of these experiments are shown in table 23. The
mean shear force between the smooth implant and bone for all the specimens was 458 ±
176 N, and the mean shear stress was 8.39 ± 3.23 MPa. The mean shear force between
the HA coated implant and bone was 674 ± 76 N and the mean shear stress was 12.19 ±
1.97 MPa for all specimens tested. There was a statistically significant (p<0.05) difference
between smooth and rough surface specimens push out force using a paired t-test. The
same was true for the rough vs. smooth shear stress. However, there was no statistically
significant difference (p_0.05) between the time periods for the rough implant using a
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unpaired t-test.. The same was true for the smooth implant. The test specimens in the
bone were sectioned, the thickness measured and circumferential area calculated. These
areas were used in the stress calculation.
TABLE 23
Summary of In Vivo Shear Strength Experiment
Tenn
(weeks)

Smooth Surface
Force
Stress
(MPa)
(N)

HA Coated Surface
Force
Stress
(MPa)
(N)

4

Mean

443

8.7

640

11.5

12

Mean
St Dev

370
155

7.1
3.2

678
35

13.0
2.4

26

Mean
St Dev

557
237

9.5
4.4

693
104

11.8
2.5

All

Mean
St Dev

458
176

8.39
3.23

674
76

12.19
1.97

Table 24 shows the results of the experiment for each individual time period. The
mean shear force for the smooth implant and bone for the 4 week time period was 443 N
and for the HA coated implant 640 N. The mean shear stress for the smooth implant was
8.7 MPa and for the HA coated implant 11.5 MPa. The mean shear forces for the 12 week
time period was 370 ± 155 N and 678 ± 35 N for the smooth and HA coated implants,
respectively. The mean shear stresses were 7.1 ± 3.2 MPa and 13.0 ± 2.4 MPa
respectively. For the 12 week time period, a statistically significant (p<0.05) difference
was found between the rough and smooth implants push out force using a paired t-test.
The same was true for the rough vs. smooth shear stress. Finally, the mean shear strength
for the smooth implants for the 26 week time period was 557 ± 237 N, and for the HA
coated implants 693 ± 104 N. The mean shear stresses were 9.5 ± 4.4 MPa and 11.8 ±
2.5 MPa respectively. A statistically significant (p<0.05) difference was found between
the rough and smooth implants push out force using a paired t-test, for the 12 week time
period. The same was true for the rough vs. smooth shear stress. Figure 7 shows a graph
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comparing the smooth and rough implant for each of the three time periods for push out
force between the implant and bone. The the time period in weeks is the abscissa and the
force applied in newtons is the ordinate. A graph comparing smooth and rough implants
for interfacial shear strength between implant and bone for each of the three time periods
can be seen in figure 8. The abscissa represents the time periods in weeks and the ordinate
represents the stress in megapascals. After testing, the specimens were prepared according
to section Cib of the materials and methods section for SEM. The purpose was to show
the surface characteristics of the failed surface. A SEM showing the failed surface of an in
vivo specimen can be seen in figure 9.

TABLE 24
Interfacial Shear Strength of HA/PS and Cancellous Bone
Smooth Surface
Force
Stress
(N)
(MPa)

HA Coated Surface
Force
Stress
(N)
(MPa)

4 wk
4 wk

410
476
443

7.1
10.2
8.7

720
560*
640

11.8
11.1
11.5

16A
17A
18A
Mean
St Dev

12 wk
12 wk
12 wk

315
545
250
370
155

5.8
10.7
4.7
7.1
3.2

715
675*
645
678
35

14.5
14.3
10.3
13.0
2.4

13A
14A
15A
Mean
St Dev

26 wk
26 wk
26 wk

625
753
293
557
237

11.5
12.6
4.5
9.5
4.4

Animal#

Term

06A
09A
Mean

* - Bone fractured before plug pushed out

675
805*
600*
693
104

12.0
14.2
9.3
11.8
2.5
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Figure 7 Comparison of shear force between two implant types at all time periods

Interfacial Shear Stress Between Implants and Bone

Figure 8 Comparison of shear strength between smooth and rough surface
implants at all time periods.
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Figure 9 SEM of in vivo shear test specimen, taken at 100X. A mixed mode of failure
was observed with some HA pellets remaining on the PS surface. Divots were present in
the PS where the HA pellets that were attached to bone were sheared from the surface.
b.) Histology
The purpose of the histological analysis of this experiment was to validate bone
growth at the implant site. There were two models used, smooth and rough surfaced. A
photomicrograph showing a cross section of a smooth implant taken at 31.25X in the
femur after four weeks of implantation is shown in figure 10. Figure 11 shows a similar
photomicrograph of a HA coated (rough) implant. In both these photomicrographs, the
polysulfone is labelled PS, the hydroxylapatite beads are labelled HA, and the bone is
labelled B. Bone stains red and soft tissue stains blue with the Stevenl's Blue stain and
Van Gieson counter stain used. Figure 12 shows a photomicrograph of an area of figure
11 at 62.50X. The red stained bone can be observed in between the two HA pellets. All
three photomicrographs, figures 10, 11, and 12, are of the four week time period animal.
Figure 13 is a photomicrograph of the 26 week animal taken with blue light and
incandescent back lighting at 12.5X. The animals were labelled with tetracycline at 16
weeks and newly formed bone appears yellow in the photo while the DCAF label was used
at 25 weeks and bone labelled with DCAF appears green .
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Figure 10. HA/PS smooth implant with HA particles exposed, and direct bone attachment
observed at interface (31.25X). Implant in right distal femoral metaphysis of a rabbit
implanted for 4 weeks. Bone growth is stained red, and is clearly visible at the
hydroxylapatite (HA) pellets/polysulfone (PS) surface.

Figure 11 Hydroxylapatite (HA) coated polysulfone (PS) rough surfaced implant. Direct
bone attachment is evident at the interface of the implant (31.25X). Implant in left distal
femoral metaphysis of the 4 week rabbit. Bone (B) growth is stained red and is clearly
visible at the HA pellets.
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Figure 12 Photomicrograph of the rough implant in the femur of 4 week rabbit taken at
62.5X. Bone is stained red and is clearly visible at the hydroxylapatite (HA) surface.
Bone is present between the two hydroxylapatite beads.

Figure 13 Photomicrograph of 26 week rabbit femur taken with blue light and
incandescent back lighting at 12.5X. Bone (B) labelled with tetracycline appears yellow
and bone labelled with DCAF appears green. Bone growth is evident around the
hydroxylapatite (HA) coated polysulfone (PS) rod.
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IV.) DISCUSSION
A.) C/PS Composite
Fiber reinforced composites have been used in a number of different industrial
applications, and only recently have been considered for use in orthopaedic surgery (Gill).
Their potential acceptance is based on their beneficial qualities of good strength and the
ability to have their mechanical properties varied. Carbon reinforced polysulfone has been
shown to posses good qualities for use in joint prostheses, such as good strength, good
biocompatibility and the ability to alter the modulus of elasticity. It has been considered as
a possible hip stem prostheses material in studies by Mendes et al. and St. John et al. and
as a spine fixation plate by Burri et al..
1.)

Carbon Fibers
Carbon fibers have been used as a reinforcement material in many applications from

aerospace to consumer goods. They have also been used in the medical field for ligament
repair (Aragona, Jenkins). Because carbon fibers are strong, inert, and biocompatible,
they are an excellent choice for orthopaedic applications.
2.)

Polysulfone
Polysulfone has been used for many industrial applications and has been used in

various medical products (Savers). Spector has shown PS to be biocompatible and noncarcinogenic in the rat (Spector, 1984, "Biocompatibility", Spector, 1984,
"Carcinogenicity"). Spector has also shown that a porous coating of PS on a metallic hip
prosthesis permits bone growth at that site (Spector, "A High Modulus"). Polysulfone has
properties that are advantageous for use in orthopaedics. It has good mechanical
properties, is easily molded, and has a high melt temperature which allows steam
sterilization.
a.)

Moisture Absorption
Typically, moisture absorption is a concern when dealing with any polymer or

polymer composite (Adams, Hahn). Most polymers absorb moisture and this can
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negatively effect the mechanical properties as well as the size of the composite (Adams).
The reinforcement (fibers) prevents the polymer from swelling, and therefore there should
be no increase in the thickness of a composite specimen (Adams). This was observed in
both the in vitro and in vivo studies. There was, however, an increase in weight noted for
both studies. The amount of weight gain by weight percent for the in vitro study was
0.82% and an increase of 0.93% was noted for the in vivo study. These values are similar
to results found by Adams where he found the percentage gain of pure polysulfone to be
1.0%. Figure 2 is a graph showing a comparison of the mean in vitro results for each time
period to the results of Adams et al.. Adams' results are represented by the dotted line
across the graph at 1.0%. Figure 4 is a graph comparing the mean in vivo results for each
time period to the results of Adams et al.. The same representation of Adams' study is
used. The percent weight gains for the in vitro experiment were 0.41%, 1.25%, and
0.93% for the 4, 12 and 26 week time periods, respectively. The in vivo study showed a
steady increase in weight with prolonged environmental exposure. The percent weight gain
was 0.66%, 1.06%, and 1.15% for the 4, 12, and 26 week time periods, respectively.
These values are greater than the values attained in the Adams study, however, there are a
few factors to consider. Adams used pure polysulfone in his studies, and in both the in
vitro and in vivo studies reported here carbon polysulfone composites were used. Carbon
fibers will not absorb moisture thus the increase in weight gain is related to polymer or
composite properties (Adams). These composites are laminae structures which absorb
moisture more easily than a homogenous material. The moisture can seep in between the
individual layers of the laminae and the fiber matrix interface and can cause delamination.
This is sometimes termed edge effects and could explain the moisture absorption results for
individual samples having a weight gain percentage over 1% (Schwartz). There was
statistical significance (p5.0.05) between the pre and post-immersion weights of the in vitro
experiment using a paired t-test. However, there are a few plates that were not consistent
with what would be expected. Plates number 405, 414 and 415 for the 4 week in vitro
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time period, plates 398, 405, 413, 414 and 415 for the 12 week time period and plates 414
and 415 for the 26 week time period all had weight gains of more than 1%. Again this is
due to the composite structure. Also, plates 411 in the 12 week time period and 412 in the
26 week time period had no in gain weight. It is unlikely that a plate that was in an
environment of 100% humidity would not absorb moisture. Plates 413 and 415 lost
weight between 12 weeks to 26 weeks. Human error in measuring the weight may account
for the decreased weights. Once a plate reaches the saturation point, there will be no
further gain of weight, however, if the environment is constant there should be no loss in
weight. The in vivo study results were statistically significant (p_<0.05) for pre and postimplantation weights using a paired t-test. There was statistical significant (p0.05)
increase in weight for the 4, 12, and 26 week time periods. The in vivo study showed two
plates that had no weight gain after 12 weeks of implantation, plates 359 and 369. As with
the in vitro experiment it is unlikely that no moisture absorption occurred. Plates 361, 358
and 379 for the 12 week time period and plates 347, 353, 355, 348 and 352 for the 26
week time period had weight gains of more than 1%. Again, this is due to the composite
structure. In comparing the in vitro results and the in vivo results, it can be seen that the in
vivo study plates gained more weight than the in vitro study plates. Eight out of twenty
four plates used in the in vivo study had a weight gain of more than 1%. This increase
could be caused by other biological factors such as absorption of lipids or proteins that
were not present in the in vitro study.
b.)

Mechanical Properties
The mechanical properties of a composite material and how the properties might

change under working conditions are important aspects to consider when using that
composite in a design. For implant materials, it is important to know how a composite's
mechanical properties might change after implantation. Ideally, the material should possess
mechanical properties similar to that of bone. For orthopaedic joint replacement materials,
the modulus of elasticity is of critical importance. With a fiber reinforced polymer, such as
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carbon/polysulfone, the modulus can be altered to fit a desired design. The results of both
the in vitro and in vivo studies are applicable to this concern. For the in vitro test the 1, 4,
12, and 26 week time periods showed an increase in modulus. However, this increase was
not statistically significant (p?_0.05) between pre and post-immersion modulus, using a
paired t-test. Also, there was no statistical significance (p?_0.05) between pre and postimmersion modulus for the 4, 12, or 26 week time periods. Typically, environmental
exposure, such as the in vitro or in vivo studies, would cause a decrease in mechanical
properties, specifically the modulus of elasticity (Adams). There are a few plates that are of
interest in the in vitro study. Plate 398 showed a decrease of 5 GPa at 4 weeks after
immersion and a decrease of 10.5 GPa after 12 weeks. This is a continual decrease in
modulus and is what would be expected. Plate 413 showed a continual increase in
stiffness as the time increased. This is exactly opposite of what would be expected. Plate
414 went from a difference in stiffness of -3.9 GPa at 4 weeks to -2.6 GPa at 12 weeks to
+9.1 GPa at 26 weeks. Plate 415 went from a difference in stiffness of -4.0 GPa at 4
weeks to +0.3 GPa at 12 weeks to 13.5 GPa at 26 weeks. These plates show
inconstancies of first decreasing and then increasing in modulus. The moisture absorption
of plate 414 had an increase in weight of 0.02 g at 4 weeks, 0.03 g at 12 weeks, and 0.04
g at 26 weeks. Plate 415 had an increase in weight of 0.02 g, 0.03 g, and 0.02 g at 4, 12,
and 26 weeks, respectively. In comparing the mechanical results with the moisture
absorption results there was no statistical significance (p0.05) using an paired t-test. In
analyzing the in vivo pre and post-implantation modulus using a paired t-test, no statistical
significance was found at the p?..0.05 level. Also, there was no statistical significance
found for the pre and post-implantation modulus for the 4, 12, and 26 week time periods.
For the in vivo study, there were a few plates that had an increase in modulus of more than
10 GPa and one with more than 20 GPa. Again there was no correlation between moisture
absorption and modulus increase.
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B.) HA/Polymer Composite
Hydroxylapatite is the mineral component of bone. It has been shown that
hydroxylapatite demonstrates osteoconductive properties for various applications. Golec
used HA as a coating material on subperiosteal implants to help stabilize and conduct bone
growth. Parsons has shown that HA can be used as a grouting material to help stabilize
and conduct bone growth for intramedullary rods in rabbits. Many other studies have
shown the value of HA as a coating for orthopaedic implants (Boone, Thomas, Cooke,
Geesink). These studies suggest that there is a greater bond strength between bone and
implant when an HA coating is used as compared to no HA coating.
1.) HA/PS Composite
The purpose of the in vitro experiment was to determine the attachment strength or
interfacial shear strength between the HA and PS. The results of this experiment are
shown in tables 20 and 21. The control, pure PS rod with no coating, yielded 19.43 ±
6.35 MPa of stress while the HA/PS composite yielded 31.58 ± 2.97 MPa. Using a paired
t-test, the values were found to be statistically significant at the 1)50.05 level. These values
are larger than would be expected. A pure smooth polysulfone rod, which has a smooth
surface texture, should give a minimal shear stress. Thus a value of 19.43 MPa is large for
the control, and indicates a chemical bonding between the PS and PMMA (PMMA was the
potting material). However, the relative differences between coated and uncoated
specimens do suggest a strong bond of HA to PS. The shear strength at yield of PS is
41.4 MPa and the compressive strength at yield is 96 MPa. There is a difference of more
than 12 MPa of shear strength between the control and the HA/PS composite. It should be
noted that cortical bone has a shear strength of approximately 18 MPa and that this is well
below the mean value of 31.58 MPa that resulted from the HA/PS-PMMA interfacial shear
strength experiment. Specimens number c2c, c2d and c2e had values that are relatively
higher than the mean control value and approximate the mean value of the HA coated
specimens. This could have been due to the sections not being cut exactly perpendicular to
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the length of the rod. This would produce a non-axial (oblique) push out force and thus
increase the amount of force needed to push the length of the rod out. Specimen number
20c5 had a value much less than the mean control value. This could be due to voids in the
PMMA, defects on the PS surface, or more likely microfractures in the PMMA at the
interface of PS and PMMA. The microfractures could have been caused by the cutting of
the specimen or impact from the piece falling off the blade after being cut. The shear
properties specimens of the HA/PS-PMMA experiment were more consistent than the
controls as is evident by the lower standard deviation of 2.97 MPa.
a.)

SEM of Failed Surface
Scanning electron microscopy was used to evaluate the failed surface of the HA/PS-

PMMA test specimens. Figure 6 shows the surface at 80X. It is evident from the SEM
that some HA beads were sheared off the surface of the composite and other HA beads
were not. This demonstrates a mixed mode of failure with some pellets adhering to the
PMMA and some to the PS.
b.)

In Vivo
As discussed earlier, a smooth surfaced composite was tested versus a rough

surfaced composite. A smooth pure thermoplastic polymeric implant had been shown to
required minimal push out force to failure after four weeks of implantation in a previous
study (Boone). The purpose of the study presented here was to evaluate two different
surface types of HA/PS composites. Table 23 shows the summation of the results of the
interfacial shear strength for both the smooth and rough surfaced implants. Both the
smooth surface force and stress were statistically significant when compared to the rough
surface force and stress using a paired t-test at p...0.05. The individual values are shown in
table 24. The values for force or stress did not increase with time as one might expect.
The force and stress values of the smooth surfaced implant at 4 weeks are greater than
those of the 12 week animals but less than those of the 26 week animal. The mean push
out force of the HA coated surfaced implants increased with time, however, not
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significantly. The interfacial shear stress of the HA coated surface was largest at the 12
week time period. A probable reason for there being no correlation between length of time
period and pushout force is the animal model and the respective rate of bone remodeling.
Rabbits grow bone so quickly that by 4 weeks there was substantial bone growth around
the implant. This seems to be a reasonable explanation for the values according to
histological evidence that will be presented in the histology section of the discussion. It
should be noted that in performing the pushout test on the HA coated surface implant of
animals 09A, 17A, 14A and 15A, the femur fractured before the implant had pushed out.
The stresses were all less than the ultimate shear strength of cortical bone which is 18 MPa.
One explanation for this phenomenon is that in preparing the bone for testing, the bone was
potted in PMMA. The heat from the exothermic reaction of the PMMA polymerizing may
have effected the bone and dehydrated it. Also, there may have been torsional forces
involved when the pushout test was being performed which may have cracked the bone.
An important factor to consider is that there is only a thin shell of cortical bone in the area
of the bone where the implant was placed (metadiaphyseal border). The majority of the
bone in this area is cancellous. Cancellous bone has a shear strength of 8 MPa. This
model is far from the optimal animal model for push out experiments, however,
considering the small diameter of the rabbit femur in other sections of the bone, this model
must suffice. Comparison between smooth and rough implants for force and shear values
are shown graphically in figures 7 and 8, respectively. The rough implant required more
force to be pushed out and had a greater interfacial shear strength with bone.
c.)

SEM of Failed Surface
Scanning electron microscopy was used to evaluate the in vivo HA/PS surface.

Figure 9 shows the surface at 100X of a twelve week animal. It can be seen that there are
only two HA beads still intact and approximately five divots where the HA was pulled out
of the PS. As observed with the in vitro specimens a mixed mode of failure was observed
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with some HA removed from the polymer and some HA removed from the bone. The
small particulate material present in all areas of the SEM are bone fragments.
2.)

Histology
Histological analysis was used to evaluate bone growth at the implant site. Figure

10 shows the bone growth up to the smooth surfaced implant. Figure 11, 12, and 13 show
the bone growth around the rough surfaced implant. Bone has grown in between the two
HA pellets, which would suggest a good mechanical interlock of the bone and HA pellet.
This is probably the reason for the rough surface implant requiring a higher push out force
and greater stress values. All three of these figures 11, 12, and 13, demonstrate the
osteoconductivety of HA. Figure 13 is a photomicrograph of a rough surfaced implant of a
26 week rabbit taken at 12.5X with blue light and incandescent back lighting. The purpose
of this photo was to expose the labels given the rabbit at 16 and 25 weeks after
implantation. In doing this, the bone growing at the time of labelling can be observed. In
the photo the tetracycline labeled bone appears yellow. Bone growth extends 1/4 inch (on
the photo) from the edge of the implant. This shows the bone growth at 16 weeks postimplantation. Bone labeled yellow can also be seen in between the HA pellets. This
suggests that at 16 weeks there was substantial bone growth at the implant surface. This is
verified by the mechanical push out test data where an increase in time did not significantly
increase the push out strength. The bone labelled with DCAF appears green in the photo
and seems to surround the tetracycline labelled bone. This suggests that although the
mechanical strength was not increased because of an increase in time, there was still bone
activity at 25 weeks. The DCAF labelled bone seems to encapsulate the HA pellets in the
photo, however, this could be an edge effect artifact.
3.)

Comparison to Other Studies
The results from the in vivo study can be compared to other studies which have

used HA coatings. Figure 14 shows a table with such a comparison. Seven studies
besides the in vivo study are listed by investigator. Thomas et al. presented results of
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7.52, 14.19, and 17.92 MPa for 3, 6, and 12 weeks after implantation in dog femurs,
respectively. Thomas used a modified plasma spray technique on a porous titanium plug
which left a HA coating thickness of 75 lam. These values are at the cortical bone shear
strength value of 18 MPa. Tencer et al. used coralline hydroxylapatite goniopora (CHAG)
as an implant material. This particular coral is very porous and allows bone ingrowth
throughout the plug which explains the high shear strength value of 26.7 MPa for 12
weeks. Boone et al. reported shear strength values of 0.088, 5.860, and 8.190 MPa for 0,
4, and 12 weeks, respectively. Hydroxylapatite of 250 to 425 1.tm was applied to a
polyurethane plug. Cook et al. reported values of 3.99, 6.96, 7.00, 7.27, and 6.07 MPa
for 3, 5, 6, 10, and 32 weeks, respectively. Cook used a modified plasma spray technique
to apply a 50 [tm thick HA coating to a titanium plug. De Groot et al. reported shear
strength values of 55 and 62 MPa for 12 and 26 weeks after implantation, respectively. A
plasma sprayed HA coating of 50 gm was applied to a titanium plug in the study. These
values are very high for the shear stress, this is because the bone was fixed in formalin
prior to mechanical testing. This is also true for Geesink et al. where they reported values
of 49.1, 54.8, 63.9, and 61.2 MPa for 6, 12, 26, and 52 weeks after implantation,
respectively. Obviously, when bone is fixed in formalin the mechanical properties change
significantly. Finally, Rivero et al. reported shear stress values of 0.75, 2.72, 2.75, and
2.61 MPa for 1, 2, 4, and 6 weeks after implantation, respectively. Rivero used plasma
spraying technique on a titanium plug. The in vivo study's results of 11.5, 13.0, and 11.8
MPa for 4, 12, and 26 weeks after implantation, respectively, are reasonable in comparison
with the results of other studies. A few details should be noted. Plasma spraying creates a
relatively smooth surface. This could be a reason for lower values for the Rivero and Cook
studies. The in vivo study used a more porous coating than would be achieved by plasma
spraying. The maximum values for the shear strength is usually at the 10, 12, or 26 week
time period. Other factors that need to be considered when comparing the results of the
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different studies are the animal models used, the bone implanted in, and the location of the
implant in the bone . Figure 14 also lists the animal model used and bone implanted in.

Table 25
Shear Strength Results of Various Studies
(All Values in MPa)
Investigator

Thomas,
Cook et al.
Year of Pubi. 1986
Time in Weeks
0
1
2
7.52±2.44
3
4
5
14.19±3.99
6
10
12
17.92±5.21
26
32
52
Material with
HAcoating
Ti-6V-4A1
Animal used Dog
Bone of
Implantation Femur

Tencer et al.

Boone et al.

1987

1989

Cook,
de Groot,
Geesink,
Rivero et al.
Thomas et al. Geesink et al. de Groot et al.
1988
1987
1987
1988

Scalzo
1989

0.088±0.047
0.75±0.09
2.72±0.23
3.99±2.06
2.75±0.24

5.860±0.823
6.96±3.22
7.00±2.31
7.27±2.08
26.7

49.1±2.3
55±11.0
62±12.4

8.190±2.830

11.5

2.61±0.19

54.8±2.6
63.9±1.7

13.0±2.4
11.8±2.5

6.07±1.29
61.2±2.4
Solid HA
Rabbit

Polyurethane Ti-6V-4A1
Rabbit
Dog

Tibia

Femur

Femur

Ti-6V-4A1
Dog

Ti-6V-4A1
Dog

Ti-6V-4A1
Dog

Polysulfone
Rabbit

Femur

Femur

Humerous

Femur
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V.) CONCLUSIONS
Two polysulfone composites were analyzed to determine the feasibility for use as
total joint implant material. The first composite, C/PS was analyzed for environmental
effects and the second composite, HA/PS was analyzed for attachment strength and bone
ingrowth.
Results from the environmental exposure study showed that the C/PS absorbed a
statistically significant amount of moisture in the in vitro and in vivo experiments. Because
of this, it would be important to consider the mass gain of an implant made from C/PS.
From results of this study and others, it should be estimated that there will be an increase in
mass of 1% by weight in an implant made of C/PS.
The results of the mechanical properties study showed no statistically significant
change in modulus of elasticity for either the in vitro or in vivo studies at the time periods
chosen. However, other studies have shown a decrease in mechanical properties after in
vivo or in vitro exposure (Adams, Black). Because of this, more experimentation is
needed in order to conclude how the mechanical properties might change after implantation;
particularly if the implant is under stress.
The HA/PS composites manufactured in this study have shown that particulate
hydroxylapatite can be incorporated into the surface of polysulfone. The results of the in
vivo study for HA/PS have shown that bone ingrowth was conducted by the HA. Other
studies have also supported this (Boone, Cook). The mechanical testing showed that an
HA pellet coated surface provided greater attachment strengths to bone than smooth HA
surfaced implants at all time periods. However, direct bone attachment was observed for
both implant types. Bone growth was rapid in the rabbits and there was no statistical
difference between mean shear stresses at the various time periods. This was true for both
implant types, rough and smooth surfaced. There was also no statistical significance
between mean push out forces at the various time periods for both implant types.
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These studies have shown that both composites are promising for use as implant
materials. In combining both composites an optimum material could be constructed. The
HA coating would allow implant stabilization of the implant in the bone because of bone
ingrowth. This would be beneficial for an implant especially a total hip prostheses.
Carbon/polysulfone composite was shown to have a lower modulus of elasticity than the
metals used for implants and this would also be advantageous for prosthetic joint design.
This study has shown that a C/PS implant with an HA coating is feasible and its
properties would be beneficial for an implant material. Other studies are required to further
investigate the environmental effects on the mechanical properties, however, C/PS with an
HA coating shows promise for an implant material of the future.
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